Diminished bioavailability of nitric oxide is a hallmark of endothelial dysfunction and is associated with a broad spectrum of vascular disorders such as impaired angiogenesis. Because Rac1, a Rho family member, mediates cellular motility and generation of reactive oxygen species, it could be involved in the regulation of endothelial nitric oxide production. However, the pathophysiological consequences of postnatal endothelial Rac1 deletion on endothelial function have not been determined. We generated endothelial-specific Rac1 haploinsufficient mice (EC-Rac1 ϩ/Ϫ ) using Cre-loxP technology. The EC-Rac1 ϩ/Ϫ mice have decreased expression and activity of endothelial nitric oxide synthase (eNOS), impaired endothelium-dependent vasorelaxation, and mild hypertension compared with control (Rac1 ϩ/flox ) mice. Hind limb ischemia model and aortic capillary sprouting assay showed that eNOS activity and angiogenesis was impaired in EC-Rac1 ϩ/Ϫ mice. Indeed, Rac1 promotes eNOS gene transcription through p21-activated kinase but not NADPH oxidase, increases eNOS mRNA stability, and enhances eNOS activity by promoting endothelial uptake of L-arginine. These findings indicate that endothelial Rac1 is essential for endothelium-dependent vasomotor response and ischemia-induced angiogenesis. These effects of Rac1 on endothelial function are largely due to the upregulation of eNOS through multiple mechanisms that are mediated, in part, by p21-activated kinase. Therapeutic strategies to enhance Rac1 function, therefore, may be important for preventing endothelial dysfunction. (Circ Res. 2008;103:360-368.) Key Words: angiogenesis Ⅲ endothelium Ⅲ hypertension Ⅲ nitric oxide synthase Ⅲ signal transduction E ndothelium-derived nitric oxide (NO) is an important Original
determinant of endothelium-dependent vasodilation and contributes to the anti-inflammatory and antithrombotic properties of the endothelium. Endothelial dysfunction is characterized by impaired synthesis, release, and activity of endothelialderived NO and is thought to contribute to the development and progression of various vascular disorders such as vasoconstriction, hypertension, atherosclerosis, and peripheral artery occlusive disease. 1 Therefore, understanding the pathophysiological mechanisms of endothelial dysfunction would provide important insights into therapeutic strategies for preventing cardiovascular disease.
Endothelial NO synthase (eNOS) is the primary source of endothelium-derived NO. The steady-state mRNA level of eNOS is one of the principal determinants of eNOS expression and activity and NO bioavailability. 2 Numerous exogenous stimuli and conditions have been shown to alter eNOS mRNA level through both transcriptional and posttranscriptional mechanisms. For example, the eNOS mRNA is upregulated by laminar flow, vascular endothelial growth factor, transforming growth factor-beta and lysophosphatidylcholine and downregulated by tumor necrosis factor-␣ and oxidized low-density lipoprotein. 2 The enzymatic activity of eNOS is further regulated by multiple posttranslational mechanisms involving protein-protein association, phosphorylation of eNOS, and L-arginine uptake through cationic amino acid transporter-1 (CAT-1). 3, 4 The small GTP-binding proteins belonging to the Rho GTPases are versatile signal transducers activated by extracellular humoral and mechanical stimuli. They mediate actin cytoskeletal rearrangements, gene expression, cell cycle progression, and many other important cellular functions. 5 Two members of the Rho GTPase family, RhoA and Rac1, have been shown to regulate endothelial cellular events such as polarization, permeability, and adhesion to leukocytes in distinct and overlapping ways. 6, 7 Of note, inhibition of RhoA and its effector Rho-kinase leads to stabilization and upregulation of eNOS mRNA and improved endothelial function. 8, 9 However, the role of Rac1 in regulating eNOS expression and activity is not known. Endothelial Rac1 is activated by fluid shear stress and vascular endothelial growth factor and mediates their effects on cytoskeletal rearrangements and motility, in part, through p21-activated kinase (PAK). 7, 10 Most importantly, these 2 stimuli upregulate and activate eNOS as well and require NO to exert their vasodilatory and angiogenic effects. 2, 11 Further-more, both Rac1 and eNOS are required for endothelial motility, proliferation, survival, and permeability. 7,10 -12 These findings suggest a possible link between Rac1 and eNOS for the regulation of endothelial function. In contrast, Rac1 could also activate NADPH oxidase and promote the formation of reactive oxygen species (ROS), which, depending on the timing, location, and amount produced, may decrease NO bioavailability. 12 Therefore, it is not known what the net effect of Rac1 is on endothelial function in vivo. Thus, to directly address this question, we developed mice with endothelial-specific knockout of Rac1 using a conditional gene targeting strategy. The aim of the study was to determine the role of Rac1 on postnatal endothelial function and angiogenesis.
Materials and Methods

Animals
All animal protocols were approved by the Harvard Medical School's Standing Committee on Animal Welfare and Protection. Age-matched male litters (12 to 20 weeks) were used for experiments. Rac1 conditional allele knock-in mice were developed as described 13 and backcrossed at least 8 times onto the C57BL/6 strain. Tie2-Cre transgenic mice (Jackson Laboratory, Bar Harbor, Me) 14 and Tie2-CreER T2 transgenic mice were maintained on a C57BL/6 background. 15
Cell Culture
Mice heart endothelial cells (MHECs) were isolated by affinity selection method using Dynabeads sheep antirat IgG (Invitrogen, Carlsbad, Calif) and anti-PECAM1 antibody (BD Biosciences, San Jose, Calif). 16 
GTP-Rac1 Pull Down Assay
GTP-Rac pull down assay was performed as described. 17
Measurement of NADPH Oxidase Activity
NADPH oxidase activity was measured using lucigenin chemiluminescence. 18
Assessment of Nitric Oxide Release, Endothelial Nitric Oxide Synthase Activity, L-Arginine Uptake, and cGMP Level
NO release in the culture media was measured by a chemiluminescence method using Sievers 280i nitric oxide analyzer NOA (Sievers Instruments, Inc, Boulder, Colo). 19 
RNA Isolation, Northern Blotting, and Quantitative Reverse Transcriptase-Polymerase Chain Reaction
Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, Calif). Poly (A) ϩ RNA was purified from total RNA using oligo (dT) cellulose. Total RNA (20 to 30 g) and poly (A) ϩ RNA (2 g) was subjected to Northern blot analysis. One-step real-time reverse transcriptase-polymerase chain reaction was performed using Quan-tiTect SYBR Green RT-PCR kit (Qiagen, Valencia, Calif). The relative mRNA level was determined by normalization with GAPDH mRNA or 18S rRNA.
Immunoblotting and Immunoprecipitation
Cell and tissue lysates (20 to 50 g protein) were used for immunoblotting. The blots were visualized using an enhanced chemiluminescence system (GE Health Care, Bucks, UK). For immunoprecipitation, cell lysates were incubated with CAT-1 antibody (Santa Cruz, Santa Cruz, Calif) and protein G Sepharose (GE Health Care). The immunoprecipitate was subjected to immunoblotting with PAK1/2/3 antibody (Cell Signaling, Danvers, Mass).
Reporter Assay
Transfection of reporter constructs was performed using Lipofectamine 2000 (Invitrogen). The luciferase activity was assessed using Dual-Luciferase Reporter Assay system (Promega, Madison, Wis).
Assessment of mRNA Stability
Confluent bEND.3 cells were treated with transcriptional inhibitor 5,6-dichlorobenzimidazole 1-␤-D-ribofuranoside (50 mol/L) in the absence or presence of 100 mol/L Rac1 inhibitor for 6, 12, 18, 24, and 30 hours. eNOS mRNA expression was assessed by Northern blot analysis and quantified by densitometry.
Blood Pressure Measurement
Noninvasive measurement of blood pressure was conducted using the tail-cuff method (BP-2000 Blood Pressure Analysis System; Visitech, Apex, NC).
Vasomotor Tone Analysis
Measurement of aortic contractile tension was performed as described. 21
Mice Hind Limb Ischemia
Hind limb ischemia was initiated by ligation and excision of the left femoral artery. 22 Mice were anesthetized through intraperitoneal injection of ketamine (60 mg/kg) and xylazine (10 mg/kg). Some mice were administered ⌵-Nitro-L-arginine methyl ester (L-NAME) hydrochloride in drinking water (0.2 g/L) throughout the whole observation period up to 28 days. 22 Laser Doppler perfusion image was recorded with a laser Doppler perfusion image analyzer (Moor Instruments, Inc, Wilmington, Del).
Aortic Microvessel Sprouting Assay
Aortic segments were embedded in Matrigel (BD Biosciences, Bedford, Mass) and cultured until day 8.
Statistical Analysis
All statistical analysis was carried out by analysis of variance followed by Fisher test. PϽ0.05 was considered to be significant.
Results
Generation of Endothelial-Specific Rac1 Knockout Mice
To establish EC-specific Rac1 knockout mice, we crossed transgenic mice expressing Cre recombinase under the control of Tie2 promoter and enhancer (Tie2-Cre Tg) 14 to mice harboring Rac1 conditional allele (designated as "c") with exon 1 flanked by loxP sites ( Figure 1A ). 13 This mating did not yield the birth of Tie2-Cre Rac1 c/c mice, although other genotypes were present at mendelian ratios, indicating the demise of Tie2-Cre Rac1 c/c embryos ( Figure 1B ). Accordingly, we used EC-Rac1 haploinsufficient mice (Tie2-Cre Rac1 c/ϩ ) to study the role of Rac1 in postnatal vascular endothelium ( Figure 1B Table  S1 ). The MHECs isolated from EC-Rac1 ϩ/Ϫ showed approximately 50% reduction in the levels of total Rac1 protein and GTP-bound active form of Rac1 ( Figure 1D ). Effective inhibition of Rac1 signaling in EC-Rac1 ϩ/Ϫ endothelium was further demonstrated by approximately 40% attenuation in NADPH oxidase activity ( Figure 1D ). Because Tie2-Cre Tg reportedly undergo Cre-mediated recombination in hematopoietic cells as well as in ECs, 14 we also generated inducible EC-Rac1 knockout mice (Tie2-CreER T2 Rac1 c/c ; Figure 1B -C). In the Tie2-CreER T2 Tg system, administration of tamoxifen induces recombination in a vast majority of ECs and less than 0.2% of hematopoietic cells as reported previously. 15
Inhibition of Endothelial Rac1 Downregulates Endothelial Nitric Oxide Synthase
We first investigated the effect of endothelial Rac1 haploinsufficiency on the expression and activity of eNOS in mice organs. Quantitative reverse transcriptase-polymerase chain reaction and Northern blot analysis revealed that the eNOS mRNA in the aorta and brain of EC-Rac1 ϩ/Ϫ mice was decreased by 40% to 60% as compared with controls ( Figure  2A-B) . Western blot analysis further demonstrated reduced expression of eNOS protein in EC-Rac1 ϩ/Ϫ heart ( Figure  2C ). Consistent with the reduced expression of eNOS, the eNOS activity in EC-Rac1 ϩ/Ϫ aortas was decreased by 25% ( Figure 2D ). Furthermore, the level of cGMP, the downstream effector of NO signaling, was attenuated by 40% in EC-Rac1 ϩ/Ϫ aortas.
Inhibition of Endothelial Rac1 Blunts Endothelial Regulation of Vascular Tone
In agreement with the downregulation of eNOS, Rac1 ϩ/Ϫ MHECs showed significantly diminished NO release after stimulation with Ca ϩϩ ionophore and acetylcholine (ACh; Figure 3A ). To ascertain the physiological relevance of Rac1-mediated eNOS regulation, we investigated ex vivo the vasomotor response of mice aortic rings. EC-Rac1 ϩ/Ϫ aorta contracted more intensely to phenylephrine than control ( Figure 3B ). Blockade of NOS with L-NAME had little effect on the contractility of EC-Rac1 ϩ/Ϫ aorta but potentiated that of control to a similar extent as EC-Rac1 ϩ/Ϫ . In addition, L-NAME by itself evoked contraction in control mice aorta more profoundly than in EC-Rac1 ϩ/Ϫ (see Supplementary Data, Figure S1A ). ACh-induced endothelium-dependent relaxation was markedly depressed in EC-Rac1 ϩ/Ϫ aorta compared to control ( Figure 3C ). Importantly, the diminished endothelium-dependent relaxation was recapitulated in tamoxifen-induced EC-Rac1 KO mice aorta, confirming the defective NO release from the EC-Rac1 ϩ/Ϫ endothelium ( Figure 3D ).
Inhibition of Endothelial Rac1 Causes Subclinical Hypertension
Vascular contractile response is an important peripheral component of the regulatory system of blood pressure. Given the deteriorated vasomotor regulation by EC-Rac1 ϩ/Ϫ endothelium, we characterized the hemodynamic profile of these mice. The systolic blood pressure, as assessed by tail-cuff method, showed tendency of elevation in EC-Rac1 ϩ/Ϫ mice at the resting, daytime phase (1:00 to 5:00 PM). The genotypic difference in systolic blood pressure became highly significant during the active, nocturnal phase (12:00 to 2:00 AM, 137.8Ϯ12.4 versus 117.2Ϯ2.2 mm Hg, PϽ0.002; Figure 3E ; Supplementary Data, Table S2 ). The hypertension in EC-Rac1 ϩ/Ϫ mice is compatible with the exaggerated vascular contractility caused by endothelial dysfunction; however, the blood pressure elevation is modest and subclinical likely because, in part, of the sensitization in smooth muscle relaxation to NO in EC-Rac1 ϩ/Ϫ mice (see Supplementary Data, Figure S1B ).
Rac1 and Endothelial Nitric Oxide Synthase Constitute an Essential Axis for Angiogenesis
Previous studies demonstrated the essential roles of Rac1 and eNOS in the angiogenic process. 10, 11 We, therefore, explored the pathophysiological link between Rac1 and eNOS in mediating angiogenesis using a mice model of hind limb Figure S2 ). EC-Rac1 ϩ/Ϫ mice showed substantial retardation in blood flow recovery and exacerbated clinical symptoms compared with controls, suggesting the required role of endothelial Rac1 in ischemiainduced angiogenesis. The blockade of NOS with L-NAME in control mice similarly blunted blood flow recovery, although to a lesser extent than the genetic inhibition of Rac1 in EC-Rac1 ϩ/Ϫ mice. Importantly, L-NAME had no additive effect with endothelial Rac1 inhibition to further aggravate the blood flow recovery in EC-Rac1 ϩ/Ϫ mice. This suggests that inhibition of endothelial Rac1 in EC-Rac1 ϩ/Ϫ mice diminishes neovascularization, in part through suppression of NO synthesis.
To further corroborate the role of eNOS in Rac1 signaling, we assessed the capillary-forming capacity of aortic explants in Matrigel as an ex vivo model of angiogenesis ( Figure 4C ; Supplementary Data, Figure S3 ). At day 8 after implantation, the aortic segments from control mice exhibited robust capillary formation. The vessel sprouting from control mice aortas was markedly inhibited by L-NAME, indicating the importance of nitric oxide synthase in this angiogenesis model. The sprouting from EC-Rac1 ϩ/Ϫ mice aorta was almost totally abolished, a finding consistent with the severely retarded blood flow recovery in hind limb ischemia. Importantly, supplementation with eNOS substrate L-arginine and S-nitrosoglutathione, an NO donor, partially but markedly restored the microvessel formation from EC-Rac1 ϩ/Ϫ aortas. Collectively, these results suggest that endothelial Rac1-eNOS axis constitutes an important pathway that mediates angiogenic response.
Rac1 Regulates Endothelial Nitric Oxide Synthase Expression at Transcriptional and Posttranscriptional Levels
To further ascertain the specificity of our finding that the genetic inhibition of endothelial Rac1 downregulates eNOS, we used different methods to inhibit Rac1 in cultured ECs ( Figure 5A ). Adenovirus-mediated transduction of dominantnegative Rac1 profoundly attenuated eNOS mRNA and protein levels in human aortic endothelial cells as compared with the control virus. In addition, treatment of murine microvascular endothelial cells (bEnd.3) with a specific Rac1 inhibitor NSC23766 (100 mol/L) consistently suppressed the Rac1 mRNA expression as compared with vehicle up to 3 days. 23 To study the mechanisms by which Rac1 regulates eNOS expression, we investigated the effects of NSC23766 on the eNOS promoter activity. Both dominant-negative Rac1 and NSC23766 repressed the eNOS promoter activity by 60% in bovine aortic ECs and by 30% to 35% in bEND.3 cells ( Figure 5B ). Importantly, transduction of dominant-negative PAK1 (K299R PAK1) 24 in bEND.3 cells repressed the eNOS promoter activity with the similar potency as dominant-negative Rac1 and NSC23766. By contrast, an NADPH oxidase inhibitor apocynin and an antioxidant N-acetylcysteine did not decrease, but rather increased the eNOS promoter activity. These results indicate that Rac1 transactivates eNOS promoter most likely through PAK, and not a NADPH oxidase/ROS cascade. We next examined the effect of NSC23766 on the stability of eNOS mRNA in ECs treated with a transcriptional inhibitor 5,6dichlorobenzimidazole 1-␤-D-ribofuranoside ( Figure 5C ). The half-life of eNOS mRNA was 40 hours in bEND.3 cells untreated with NSC23766. Inhibition of Rac1 with NSC23766 destabilized eNOS mRNA and shortened its half-life to 17 hours.
Pharmacological Blockade of Rac1 Acutely Worsens Endothelial Function
Although the decrease in eNOS expression explains the endothelial dysfunction caused by chronic inhibition of endothelial Rac1 in our genetic mice model, it does not exclude the possibility of Rac1 modulation of eNOS function at the post-translational level. Indeed, 30-minute pretreatment with NSC23766 dose-dependently attenuated ACh-induced relaxation of wild-type mice aortic rings ( Figure 6A ). The inhibitory effect of NSC23766 on endothelium-dependent relaxation is not due to toxicity, because the endothelium-dependent relaxation was at least partially reversible by washout of NSC23766. The ability of Rac1 inhibitor to acutely suppress endothelium-dependent relaxation indicates that Rac1 mediates not only the expression of eNOS, but also the posttranslational maintenance of eNOS activity. Posttranslational regulation of eNOS involves multiple mechanisms, including the phosphorylation of eNOS by Akt at Ser1177. Previous studies demonstrated that Rac1 activates Akt in certain cell types. 25 However, the phosphorylation level of Akt and eNOS was not decreased by 30-minute treatment of bEND.3 cells with NSC23766 as compared with the vehicle (Figure 6B ).
Inhibition of Rac1 Attenuates Endothelial Uptake of L-arginine
During the course of multiple measurements of eNOS activity in MHECs, we noticed that the decreased eNOS activity in Rac1 ϩ/Ϫ ECs was associated with reduced L-arginine uptake ( Figure 6C ). Because ECs import L-arginine through CAT-1, we examined the expression of slc7a1, the gene encoding CAT-1 ( Figure 6D ). 26 There was no difference in slc7a1 mRNA expression between Rac1 ϩ/ϩ and Rac1 ϩ/Ϫ ECs, indicating that the reduced L-arginine uptake by Rac1 ϩ/Ϫ ECs was not caused by slc7a1 downregulation. To identify proteinprotein interaction that may potentially mediate regulation of CAT-1 by Rac1, we performed coimmunoprecipitation studies with the bEND.3 cell lysates after 30-minute treatment with NSC23766 ( Figure 6E ). We found that PAK forms tertiary complex with CAT-1, and this association is dependent on Rac1 activity. Although the mechanistic relevance of Rac1-induced PAK binding to CAT-1 needs to be addressed by further investigation, it may constitute an underlying mechanism for the Rac1 mediation of endothelial CAT-1 activity and L-arginine uptake.
Discussion
Endothelial nitric oxide synthase is constitutively expressed in healthy vascular endothelium, and its downregulation is associated with various vascular diseases such as atherosclerosis. 1, 2 Therefore, understanding the mechanisms by which eNOS expression and activity is regulated is important for understanding the pathogenesis of vascular disease. Previous studies demonstrated that Rac1 GTPase mediates endothelial cell motility, proliferation, survival, and endothelial barrier formation 7, 10, 12 ; all these processes are also known to involve eNOS. 2, 11 In addition, endothelial Rac1 is activated by and mediates cellular effects of shear stress and vascular endothelial growth factor, 7,10,12 stimuli that increase the expression and activity of eNOS. 2, 11 These findings suggest a potential link between Rac1 and eNOS. Interestingly, inhibition of small GTP-binding proteins through isoprenoid depletion with statins has been shown to upregulate eNOS, possibly through inhibition of the Rho/Rho-kinase pathway. 8 However, Rac1 is also isoprenylated and could also be affected by statin A, Representative serial laser Doppler perfusion images (LDPI) after hind limb ischemia of the 4 experimental groups; control without L-NAME (nϭ8); control with L-NAME (nϭ7); EC-Rac1 ϩ/Ϫ without L-NAME (nϭ9); EC-Rac1 ϩ/Ϫ with L-NAME (nϭ9). B, Time course of ischemic limb/contralateral limb blood perfusion ratio in LDPI after hind limb ischemia. *PϽ0.05; #PϽ0.01. Data are meanϮSEM. C, Microvessel sprouting was assessed using aortic explants from control (nϭ2) and EC-Rac1 ϩ/Ϫ mice (nϭ2) without or with 1 mmol/L L-NAME, 10 mmol/L L-arginine, or 100 mol/L S-nitrosoglutathione. Scale barϭ1 mm. Higher magnification images and quantitative analysis of the capillary area are found in Supplementary Data, Figure S3 . therapy. Therefore, it is not known whether inhibition of Rac1 is beneficial or detrimental for endothelial function in vivo.
Using a genetic approach, we showed that Rac1 is required for the maintenance of eNOS expression and activity and that eNOS is an important downstream mediator of Rac1 signaling in terms of angiogenesis. The EC-Rac1 ϩ/Ϫ mice have impaired endothelium-dependent vasodilation, mild hypertension, and retarded angiogenesis. Given that laminar shear stress is an important determinant of basal eNOS expression and activity, our finding that endothelial Rac1 is required for the maintenance of eNOS activity in vivo likely reflects the role of Rac1 in mediating shear regulation of eNOS. 2, 7 Indeed, the downregulation of eNOS in EC-Rac1 ϩ/Ϫ mice as compared with controls was more evident in organs than in isolated mice ECs cultured under static condition (NS and JKL, unpublished data). Another important function of Rac1 is the production of ROS through its effector NADPH oxidase, especially under pathological conditions such as chronically inflamed blood vessels. The ROS scavenges NO and diminishes NO bioavailability. 12 Therefore, in the setting of such diseased states with high ROS production, reduction of ROS production through Rac1 inhibition could be beneficial for increasing overall NO bioavailability. However, our data suggest that the basal regulation of eNOS transcription by Rac1 is likely mediated by PAK rather than the NADPH oxidase-ROS cascade ( Figure 5B ). Hence, the mechanism by which Rac1 impacts endothelial function may differ in a context-dependent manner.
Our results suggest that Rac1 modulates eNOS at transcriptional, posttranscriptional, and posttranslational levels. Rac1 has been shown to regulate gene transcription through a diverse set of transcription factors, including NF-B and AP-1. 27,28 NF-B is responsible for at least part of the shear-induced eNOS gene transcription. 29 Assuming that Rac1 physiologically mediates shear-induced eNOS upregulation, Rac1 may induce eNOS gene transcription through NF-B. Our data suggest that PAK is the direct effector of Rac1 responsible for activation of eNOS promoter. Indeed, recent studies demonstrate a required role for PAK in the activation of NF-B downstream of distinct stimuli. 30 Therefore, it is likely that Rac1-PAK-NF-B cascade represents an important signaling cascade for basal transcription of eNOS in vivo. The well-known mechanism that affects eNOS mRNA stability is actin cytoskeletal dynamics. Inhibition of actin polymerization by Rho/Rho-kinase inhibitors leads to stabilization of eNOS mRNA. 8, 9 We have found that Rac1 ϩ/Ϫ endothelial cells display reorganized actin cytoskeleton such that F-actin is localized in the cell cortical regions (NS and JKL, unpublished data). It is currently under investigation whether this alteration in actin cytoskeleton could also account for the destabilization of eNOS mRNA by inhibition of endothelial Rac1.
The finding that Rac inhibitor acutely worsens endothelial function without changing eNOS expression indicates that Rac1 also regulates eNOS activity at the posttranslational level. Because the reduced eNOS activity was associated with a similar extent of decrease in L-arginine uptake ( Figure 6C ), we postulate that Rac1 posttranslationally regulates eNOS activity, in part, by enhancing L-arginine transport through CAT-1. The activity of CAT-1 is modulated not only by its expression level, but also by the intracellular localization and interaction with other proteins. 4, 31 Indeed, localization of CAT-1 to membrane microdomain caveolae and association with eNOS is required for full activation of eNOS. We found that Rac1 effector PAK associates with CAT-1 in a Rac1dependent manner. The Rac1-triggered formation of PAK-CAT-1 complex may alter the CAT-1 localization in the cell compartments and/or interaction with other proteins and thereby lead to augmented uptake of L-arginine through CAT-1. The relevance of the PAK-CAT-1 interaction in eNOS regulation, however, requires further investigation.
